The design study of the Future Circular Colliders (FCC) in a 100-km ring in the Geneva area has started at CERN at the beginning of 2014, as an option for post-LHC particle accelerators. The study has an emphasis on proton-proton and electron-positron high-energy frontier machines. In the current plans, the first step of the FCC physics programme would exploit a high-luminosity e + e − collider called FCC-ee, with centre-of-mass energies ranging from below the Z pole to the tt threshold and beyond, followed by 100 TeV proton-proton collisions as ultimate goal. When combined, these two steps offer a large palette of complementary measurements and sensitivity for new physics. In particular, the association of the FCC-ee and the FCC-hh allows measurements of the top-quark electroweak and Yukawa couplings to be performed with unrivaled precision.
The physics programme of the FCC-ee
The core physics programme [1, 2] of the future high-luminosity e + e − circular collider (FCCee) includes precision measurements at centre-of-mass energies from 90 to 350 GeV:
(i) a scan of the Z pole [3] , enabling the measurements of, e.g., m Z and Γ Z to better than 100 keV, sin 2 θ W to 5 × 10 −6 , α S (m Z ) to 2 × 10 −4 , α QED (m Z ) to 2 × 10 −5 ... , as well as a unique programme of rare process searches and flavour physics with up to 10 13 Z decays [4] ; (ii) a scan of the WW threshold [3] towards the measurement of the W mass to 300 keV; (iii) a Higgs factory [5] , for a tenfold improvement of the HL-LHC precision on the Higgs couplings, a measurement of the total width to 1%, and a constraint on the invisible branching ratio at the per-mil level; (iv) a scan of the top threshold, for a measurement of the top-quark mass [3] with a statistical precision of the order of 10 MeV.
If these target precisions are reached and no deviations with respect to the standard model predictions are observed, a global fit to all these masurements [6] will set constraints on weaklycoupled new physics up to a scale of ∼ 100 TeV, and on news physics coupled to the Higgs sector up to ∼ 10 TeV. This sensitivity to new physics matches and even extends the direct new physics discovery potential of the FCC-hh. This fascinating perspective is made possible by the unique levels of luminosity promised by circular colliders [7] collected by up to four experiments. The luminosities and the numbers of events of a given type expected at each centre-of-mass energies for a FCC-ee year of running with four interaction points are summarized in Table 1 . In this configuration, the core physics targets of the FCC-ee programme would be met in 8 to 10 years at full luminosity, after the commissioning period.
√ In this report, the FCC capability to measure the top-quark couplings is investigated. In particular, the sensitivity of the FCC-ee to the top-quark electroweak couplings is shown to be excellent for a centre-of-mass energy just above the tt threshold and without the benefit of longitudinally polarized beams. The expected precision on these couplings can be then used to extract the ttH coupling at the FCC-hh with a per-cent-level precision. The FCC-ee targets are compared with projections from the ILC in the "H20" design running scenario [8] , as is done in Ref. [9] . This running scenario invokes a similar running time (about 8 to 10 years), albeit with a slightly more optimistic definition of a "year" (1.6 × 10 7 seconds of data taking) and a preliminary modelling of the commissioning time.
The top-quark electroweak couplings at the FCC-ee
The measurement of the top-quark electroweak couplings was, originally, not part of the FCCee core physics programme. Indeed, this measurement was claimed [10] to require both a centreof-mass energy well beyond the top-pair production threshold and a large longitudinal polarization of the incoming e ± beams. These claims were recently revisited [11] in the context of the FCC-ee.
In e + e − collisions, the availability of initial state longitudinal polarization provides enhanced sensitivity to the initial-state and, sometimes, final-state couplings to the photon and the Z boson. Similar information can often be obtained, however, from the final-state polarization, as is the case in the e + e − → γ * /Z → tt production at the FCC-ee: in this process, anomalous couplings of the top quark to the Z and to the photon would alter the top-quark polarization. This anomalous polarization is maximally transferred to the top-quark decay products via the weak decay t → Wb, leading to a modification of the final kinematics, and in particular of the angular and energy distributions of the leptons from the W decays. The large luminosity of the FCC-ee allows in turn to extract precise measurements of the anomalous couplings from these distributions. A similar situation was encountered at LEP, where the measurement of the Z → τ + τ − event rate and of the τ polarization sufficed to determine the couplings of the τ to the Z, regardless of the initial state polarization.
The angular and energy distributions of the leptons from e + e − → tt → bbqq ν ( = e, µ) have been determined analytically in Ref. [12] as a function of the centre-of-mass energy and of the incoming beam polarization, in presence of anomalous ttγ and ttZ couplings, denoted δ A γ,Z , δ B γ,Z , δC γ,Z , and δ D γ,Z . These anomalous couplings modify the ttV vertex (V = γ, Z) as follows: Right column, from top to bottom:
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which easily relates to the previous parameterization with
The expected sensitivities on the anomalous top-quark couplings can be derived in any of these parameterizations. Although originally derived with that of Ref. [6] , the final estimates presented in this study, however, use the parameterization of Ref. [3] , for an easy comparison.
For the same reason, the same restrictions as in Ref. [3] are applied here: only the six CP conserving form factors are considered (i.e., the two F [3] shows that the form factor F 1A was also kept to its standard model value, as a non-zero value would lead to gauge-invariance violation. It is straightforward to show that, under these restrictions, the three parameterizations lead to the same sensitivities on F i ,F i and A, B, C, D (with a multiplicative factor 2 sin ✓ W ⇠ 0.96 for the latter set).
The tree-level angular and energy distributions of the lepton arising from the tt semileptonic decays are known analytically as a function of the incoming beam polarizations and the centre-of-mass energy [6] :
where is the top velocity, s is the centre-of-mass energy squared, ↵(s) is the QED running coupling constant, and B`is the fraction of tt events with at least one top quark decaying to either e⌫ e b or µ⌫ µ b (about 44%). As the non-standard form factors (A, B, C, D) v ⌘ i are supposedly small, only the terms linear in i are kept:
where x and ✓ are the lepton (reduced) energy and polar angle, respectively, and S 0 is the standard-model contribution. The eight distributions f +" Similarly, we adopt the following parameterization of the Wtb vertex suitable for the t andt decays:
where PL/R = (1 ∓ γ5)/2, Vtb is the (tb) element of the Kobayashi-Maskawa matrix and k is the momentum of W . In the SM f L 1 =f L 1 = 1 and all the other form factors vanish. On the other hand, it is assumed here that interactions of leptons with gauge bosons are properly described by the SM. Throughout the calculations all fermions except the top quark are considered as massless. We also neglect terms quadratic in the non-standard form factors.
Using the technique developed by Kawasaki, Shirafuji and Tsai [39,40] one can derive the following formula for the inclusive distributions of the top-quark decay product f in the process e + e − → tt → f + · · · [5, 6] :
where Γt is the total top-quark decay width and d 3 Γf is the differential decay rate for the process considered. dσ (n, 0)/dΩt is obtained from the angular distribution of tt with spins s+ and s− in e + e − → tt , d σ (s+, s−)/d Ωt , by the following replacement:
where the matrix element for t(s+) → f + ··· was expressed asBut (pt , s+), Λ+ ≡ / p t + mt , dΦ is the relevant final-state phase-space element and denotes the appropriate spin summation.
Angular/energy distributions
In this section we present d 2 σ/d xf d cos θf for the top-quark decay product f (= l ± / (−) b ), where xf denotes the normalized energy of f defined in terms of its energy Ef and the top-quark velocity β ≡ 1 − 4m 2 t /s as xf ≡ 2Ef
and θf is the angle between the e − beam direction and the f momentum, all in the e + e − CM frame.
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Similarly, we adopt the following parameterization of the Wtb vertex suitable for the t andt decays:
where the matrix element for t (s+) → f + ··· was expressed asBut (pt , s+), Λ+ ≡ / p t + mt , dΦ is the relevant final-state phase-space element and denotes the appropriate spin summation.
Angular/energy distributions
√s=365 GeV Figure 1 : The differential production cross section d 2 σ /d cos θ dx f for e + e − → tt → bbqq ν ( = e, µ) at √ s = 365 GeV, as a function of the cosine of the lepton polar angle cos θ and the reduced lepton energy x f in the standard model (left). The additive modifications arising from anomalous ttγ and ttZ couplings are displayed on the right.
It is shown in Ref. [11] that a likelihood fit of the anomalous couplings to the double differential cross section is statistically optimal at the FCC-ee for √ s = 365 GeV, without beam polarization. With conservative assumptions on lepton identification, b-tagging efficiencies, and lepton angular and momentum resolutions, it is estimated therein that absolute precisions of the order of 1 [3] × 10 −3 (1[2] × 10 −2 ) can be expected after three FCC-ee years at
A full simulation of the CLIC/ILD detector operated in the FCC-ee environment [13] has recently confirmed these analytical preliminary estimates.
These target precisions will be met only if the theoretical prediction for the top-pair cross section can be kept under control to better than ±2%, perhaps a serious challenge only 20 GeV above the production threshold. It is inferred in Ref. [14] , however, that the total theoretical uncertainty is, already today, at the level of ±4% at √ s = 365 GeV. A factor 2 improvement might be beyond the current state of the art, but is probably within reach on the time scale required by the FCC-ee.
The sensitivity of these projections to new physics is evaluated under the mild additional assumption that the electric charge of the top quark is +2/3. New physics information is then entirely contained in the ttZ axial and vector couplings A Z and B Z or, equivalently ( as is done for example in Ref. [15] ), in the couplings to the left-handed and right-handed top quark, g L and g R , trivially related to A Z and B Z :
where g is the weak coupling constant. The relative precision expected at FCC-ee for g L and g R is displayed in Fig. 2 , and is compared to the projections made for the LHC, the HL-LHC [16] and the ILC [9, 17] . The most exotic new physics models -represented by purple dots in Fig. 2 -will already be explored by the modest precision expected at the HL-LHC, but an e + e − collider will be needed to disentangle the standard model from, e.g., 4D composite Higgs models (4DCHM, black dots). If the characteristic scale of these models, f , is constrained to be smaller than 2 TeV, as is the case in Fig. 2 , the FCC-ee will be able to discover them from the sole analysis of the lepton angular and energy distributions in top-quark decays with a 5σ significance. The significance expected at the ILC, from the analysis of the top forward-backward asymmetry and the total rate, with two different beam polarization configurations (P − = ±0.8 and P + = ∓0.3), would be limited to 1.5σ .
It is important to realize, however, that top-quark couplings might not be the only quantities affected by new physics. Composite Higgs models, in particular, affect Higgs couplings as well. The deviations expected on the Higgs couplings to the Z boson and to the b quark for the same set of 4DHCM as in Fig. 2 are displayed in Fig. 3 , and compared to the corresponding relative precisions expected at the HL-LHC [5] , the ILC [18] and the FCC-ee [1] . From these Higgs coupling measurements, the FCC-ee will be able to discover these models with a 10σ significance (to be compared to about 2σ for the ILC), complementary to, and possibly earlier than, the top electroweak coupling measurements. 
The top-quark Yukawa couping at the FCC-hh
New physics is also expected to show up in top-quark Yukawa coupling to the Higgs boson. For the previous set of composite Higgs models, deviations similar to or slightly smaller than those of the b-quark Yukawa couplings are expected, typically of the order of 1 to 2% for f = 2 TeV. It has been shown [19] that e + e − colliders with centre-of-mass energy significantly larger than the FCC-ee or the ILC are needed to measure the top-quark Yukawa couplings with a precision significantly smaller than 10%: for √ s = 1 to 3 TeV, a precision of 2 to 4% can be contemplated, which still does not suffice to challenge these models. As shown in Table 2 , a similar performance is expected from the HL-LHC, with 3 ab
The FCC opens a unique window for this measurement, with a combination of the FCCee and the FCC-hh data [20] . In pp collisions, the pp → ttH cross section increases by a factor 70 -from 0.47 to 33.2 pb -when the centre-of-mass energy goes from 13 to 100 TeV. With a target integrated luminosity of 20 ab −1 , almost a billion ttH events are expected to be produced at the FCC-hh, leading to a negligible statistical uncertainty on the top Yukawa coupling. The measurement of the ttH cross section would therefore be only limited by systematic uncertainties, dominated by the renormalization/factorization scale and PDF uncertainties at the level of ±10%. These uncertainties almost exactly cancel in the ratio σ (ttH)/σ (ttZ) 0.6 to better than ±2% at √ s = 100 TeV. A measurement of this ratio amounts to measuring the quantity R defined by
where λ t is the top-quark Yukawa coupling and g L,R are the top-quark weak couplings to the Z boson. The first ratio of Eq. 3.1 can be predicted, already today, with an accuracy better than 2%, and the FCC-ee can deliver a measurement of g 2 L + g 2 R with a precision of ∼ 2%, as can be deduced from Fig. 2 . For all practical purposes, the second ratio is perfectly known, as the Higgs branching fractions can be measured in a model-independent way at the FCC-ee with a sub-per-cent precision, and the Z leptonic branching ratios will be known with a precision better than 10 −5 . A combination of all these measurements therefore allows the value of top-quark Yukawa coupling to be inferred with an accuracy of ∼ 1.5% at the FCC.
These projections are summarized in Table 2 , both for the top-quark Yukawa and for the Higgs trilinear self-coupling [5] , another important parameter to be measured at future colliders.
Collider HL-LHC ILC LC 1-3 TeV FCC-ee+hh λ t 4% 14% 2 − 4% 1 − 2% λ H 50% 83% 10 − 15% 5 − 10% Table 2 : Expected precision on the top-quark Yukawa coupling (first row) and, for completeness, on the Higgs trilinear self-coupling (second row) at the HL-LHC, the ILC, a linear e + e − collider with √ s = 1 to 3 TeV, and the FCC -with a combination of the FCC-ee and the FCC-hh data.
Conclusion
The measurement of the angular and energy distributions in semi-leptonic tt events at the FCC-ee has a strong potential for a precise determination of the top-quark electroweak couplings. The optimal centre-of-mass energy for this measurement is just above the tt threshold, typically √ s = 365 GeV. The lack of beam polarization is compensated by the polarization of the top quarks, and by a large integrated luminosity. In combination with this measurement and those of the Higgs boson branching fractions at the FCC-ee, the large ttH and ttZ production cross sections at the FCC-hh, as well as the cancellation of the dominant theory uncertainties in their ratio, allow the top-quark Yukawa coupling to be measured with a per-cent level precision.
Taken in isolation, these measurements at the FCC are already more sensitive to the presence of new physics than those at other collider options considered so far. New physics responsible for anomalous top couplings is also likely to affect the properties of the Z, W, and Higgs bosons. The FCC will therefore also have many opportunities for new physics discoveries, as well as a palette of precision measurements to help identify the underlying theory, through a global fit to these properties and their correlations.
The combination of the FCC-ee and the FCC-hh offers, for a great cost effectiveness, the best precision and the best search reach of all options presently on the market.
